Garnets in metamorphic rocks are important candidates for radiometric age determinations through use of U-Pb, Rb-Sr, and Sm-Nd decay systems. Knowledge of the temperatures at which these systems closed in a garnet crystal with respect to element diffusion would provide important constraints on the cooling and exhumation history of the host rock. The Tc of the Sm-Nd system in metamorphic garnet has been a subject of continued debate, with the estimates varying from -400? to 800?C (1-6). We present experimental data on values of the tracer diffusion coefficient (D) of Sm and Nd in garnet and apply them to address the problems of closure temperature and cooling rates.
The diffusion experiments were carried out at a pressure of 1 bar and temperature of 7770 to 827?C for -146 to 48 hours. Natural almandine crystals (Alm75Py22) were polished on one side to a mirror finish by a combination of mechanical and chemical polishing (7) and then thermally annealed for at least 8 hours at or close to the T-f02 (oxygen fugacity) condition of the experiment so that it had an equilibrium or nearly equilibrium defect concentration for the experimental condition. A drop of a solution (8) consisting of both 149Sm and 145Nd (-100 to 200 parts per million of each) was added to the polished surface of a ciystal. After drying, the crystal was suspended inside a vertical gasmixing furnace, which was preheated to a desired temperature. ThefO2 was controlled by a computer-regulated CO-CO2 mixture and was maintained at the wiistite-iron (WI) buffer (9), with the exception of one experiment at 800?C, which was conducted at 2.1 logarithmic units above this buffer (the approximate limit of almandine stability) to test The samples were also analyzed simultaneously for 145Nd, 149Sm, 30Si, 89Y, and 35C1 (Fig. 1) . The depth profiles for the nondiffusing species 30Si and 89Y allowed monitoring of the stability of analyses, whereas that of 35C1 (absent in garnet) allowed location of the crystal surface. Plateau intensities for 89Y and 30Si were not achieved for several measurement cycles, and the count rates for the diffusants were ignored for these cycles. A control garnet sample, which was not subjected to diffusion anneal, showed the same stabilization behavior of 89Y and 30Si. The diffusion depths of 149Sm and 145Nd varied between -1100 and 3000 A. The energetically most favorable diffusion mechanism of a tracer isotope is by replacement of the isotopes of the same element that are already present in the crystal.
Modeling was calTied out in two ways. In the first, the crystal surface was assumed to have a fixed concentration of each diffusing species (semi-infinite reservoir model). In the second, the surface concentration of a diffusing species was allowed to deplete with time, t. Assuming constant D, solutions of the diffusion equation ( Dodson (21, 22) also assumed that the composition of the mineral is sufficiently removed at all points from its initial homogeneous composition attained at the peak temperature, To. However, this assumption, which makes Tc independent of T., is not usually satisfied by slowly diffusing species, such as Sm and Nd in garnet. Using an extension (23) of Dodson's formulation that excludes this restriction and the diffusion data from this study, we calculated (Fig. 3) the mean Tc of Sm-Nd decay system in garnet as a function of grain size, cooling rate, and To at 7 kb and f02 of graphite-oxygen buffer. These conditions approximate the average conditions of metamorphic rocks in which garnet ages are often determined through use of the Sm-Nd decay system. Due to the lack of any data on the pressure dependence of their diffusion coefficients, we assumed that the rare-earth elements have the same activation volume, A V+, as Mn2" (largest cation for which data are available in 61,674 cal/mol. It is evident from Fig. 3 that one cannot define a unique or even a restricted range of Tc of the Sm-Nd decay system in gamet, and that Dodson's formulation (21) progressively overestimates Tc with increasing cooling rate and grain size and decreasing To.
In addition to grain size, Tc is also sensitive to To, except at very slow cooling rate, but at this condition Tc is itself too sensitive to cooling rate to be useful in the reconstruction of the temperature-time path of a rock during cooling. However, the cooling rate of a rock can be retrieved by noting that any point on a curve in Fig. 3 defines T. , Tc, and an average cooling rate within this temperature range, which is given by (T. -Tc)lAt, where At represents the difference between the peak metamolphic age and Sm-Nd cooling age of garnet (that is, the elapsed time until the Sm-Nd decay system closed within gamet crystals during cooling). Thus, if T., a, and At are known, one can find the point on the appropriate curve that satisfies the known value of At [given by the ratio of (T. -Tc) to the cooling rate defined by the point]. The coordinates of this point specify both Tc and the average cooling rate between T. and Tc of the garnet.
As an example of application of the relation of the average cooling rate between To and Tc versus At, as derived according to the above analysis for different combinations of To and grain size (Fig. 4) We compared biyozoan abundance data spanning the past 150 million years with two measures of taxonomic diversity to assess the degree of correspondence between the evolutionaiy success and ecological importance, or dominance, of the two clades on continental shelves, where they have similar ecological distributions (9). During the past 150 million years, cheilostome bryozoans radiated to an extent comparable with the euteleost fishes, neogastropods, and echinoids (2), whereas diversification of cyclostome bryozoans was arrested.
Cyclostome biyozoans survived the severe crises at the end-Permian and Triassic mass extinctions that removed the other stenolaemate biyozoan clades that had much higher Paleozoic diversities ( 
